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Application of atomic magnetometry in magnetic particle detection
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The authorsdemonstratéhe detectionof magneticparticlescarriedby waterin a continuous3ow
using an atomic magneticgradiometerStudieson threetypesof magneticparticlesare presented:
a single cobalt particle !diameter# 150 / m, multidomairi, a suspensiorof superparamagnetic
magnetiteparticles!diameter# 1 / m", andferromagneticobaltnanoparticlesdiameter# 10 nm'".
Estimateddetectionlimits are 20 / m diameterfor a single cobalt particle at a water Row rate of
30 ml/min, 5" 10° magnetiteparticlesat 160 ml/min, and 50 pl for the ferromagneticRuid of
cobalt nanoparticlesat 130 ml/min. Possibleapplicationsof their methodare discussed© 2006

Americanlinstitute of Physics $DOI: 10.1063/1.24000%%

Magnetic particles of micrometerand nanometersizes
are widely used in biomolecular labeling and cell
separatiorjr,EB allowing manipulationof the componentghat
are associatedwith the magnetic particles by an external
magneticbeld. Theseparticlesare also prevalentas contrast
agentsfor magneticresonancémaging®

In orderto characterizehe magnetizatiorof thesepar
ticles and monitor their behavior a sensitive detection
methodis required.Severaltechniqueshavebeendeveloped
for detectingweak magneticbelds,for example,supercon-
ducting quantum interference devices ISQUIDs'® giant
magnetoresistive |GMR" sensor$;’ vibrating sample
magnetometer®* and atomic magnetometer¥. Magnetic
resonancemaging 'MRI" can also be usedfor diagnostics
with magneticmicroparticles:> Each method has both ad-
vantagesand disadvantaged-or example,SQUIDs offer ul-
trahigh sensitivity and have beenusedextensivelyto detect
weak magneticsignals, but they require cryogenics.GMR
sensorsare relatively convenientto use, howevery they re-
quire the sampleto be extremelyclose!on the order of mi-
crons to the sensorsVibrating samplemagnetometryhas
relatively low sensitivity While MRI is a powerful tool for
noninvasivediagnosticsthe costof MRI machinesseverely
limits their accessibility

Herewe explorethe applicationof atomicmagnetometry
for detectingmagneticparticles.Atomic magnetometryhas
reachedsensitivity comparabldo that of SQUIDs!Refs.14
and 15" without requiring cryogenics.Details of our ap-
proachto atomic magnetometryare provided elsewhere?®
BrieRy, the magnetometeis basedon nonlinear!in light
powel' magneto-opticatotation INMOR" of laserlight in-
teracting with rubidium atoms containedin antirelaxation
coatedvaporcells. The frequencyof the laserlight is modu-
lated!FM", andresonancem opticalrotationareobservedt
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modulationfrequencieselatedto the Larmor precessiorire-
quencyof the Rb atoms.The relationshipbetweenthe exter
nal magneticbeldsandthe resonancenodulationfrequency
#y is

#M & 29-’ 'Bbias+ Bsampléa

whereg is the atomicgyromagnetiaatio and/ is the Bohr
magneton, i.e., a resonance occurs when the laser
modulation frequencyis twice the Larmor precessionfre-
guencyof the atoms By, IS anappliedmagneticbeldthatis
muchgreaterthanthe samplemagneticPeld, Bgympie andso
debPneghe detectionaxis. Therefore the magneticbeldfrom
the sample along the direction of the bias beld can be
deducedfrom the frequencychangeof a magneto-optical
resonance.

A schematicof the experimentalsetup is shown in
Fig. 1. Two identical antirelaxationcoated®’Rb vapor cells
inside a multilayer magneticshield form a prst-ordergradi-
ometerthatis insensitiveto common-modeaoisefrom envi-
ronmentalluctuationsA long piercingsolenoidcanbe used
to apply a leadingbeld !Bc,4 $ 0.5G" on the sample.Be-
causeof the geometryof the arrangementhe leadingbeldis
not OseenBy the magnetometecells.A biasbeldof 0.7 mG
IBpias givesa FM NMOR resonancdrequencyof # 1 kHz
in theabsencef the sample Whena magneticsamplewhich
producesfor example,a dipole beld orientedalongthe axis
of the piercingsolenoidis introducedto the detectionregion
Ithe volume within the piercing solenoidin the vicinity of
the sensorcells’, the componentof Bg,mpiealong Byag is of
oppositesign in the two sensorcells. The signal from one
arm of the gradiometeiis continuouslyfed backto the laser
modulationto keep this magnetometeon resonanceThus
the signalfrom the othermagnetometerepresentshe differ-
encebeld betweenthe two cells createdby the sample.We
have achieved# 1 nG/HzY2 sensitivity for neardc signaf’
Ifor frequencies# 0.1 HZ", with 1-cm-sizedcells separated
by 1.5cm.
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FIG. 1. !Color onling" Schematicof the setupfor particle detection.BS:
beam splitter; PP: polarizer prism; PD: photodiode;and MS: magnetic
shield.

We brstmeasuredhe magnetizatiorof a cobaltparticle
with an estimateddiameterof 150 / m. The samplewasem-
beddedinto a small pieceof Styrofoamand magnetizecby
insertingit brieRy into a 3 kG beld of a permanenmagnet
Imagnetizatiorincreasedhe observedsignal by at leastan
orderof magnitud&. Watercarryingthe foamwascirculated
by a peristaltic pump throughtubing !0.32cm inner diam-
etel' to the detectionregionof the gradiometerAs a control,
an identical piece of Styrofoam without samplewas also
introducedinto circulation. Figure 2 showsthe resultsfor
two Row rates, 30 and 150 ml/min, which correspondto
residencdimesof 160 and 30 ms, respectivelyin the detec-
tion region.Eachtime the Styrofoamwith the magneticpar
ticle passedthe gradiometer a spikelike signal was pro-
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FIG. 2. Detectionof a circulating cobalt particle carried by water at two
differentRow rates:!a’ 30 ml/min and!b" 150 ml/min.
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FIG. 3. Detection of 18 nl superparamagnetimagnetite suspension!4
" 10° particles: !a' typical real time detectionand !b" averagedsignal
Ipeak-to-peakof ten consecutivaneasurementasa function of experimen-
tal time.

duced,while the control Styrofoamproducedno discernable
signal. The averagesignal amplitudewas much smallerfor
fasterBow, sincethe particle spentlesstime in the detection
region. The magnitudeand time dependencef the signal
RBuctuatedbetweensuccessivaletectionsmostlikely dueto
the random position and orientation of the particle in the
detectionregion.Fromthe signal-to-noiseatio in the slower
Bow, we estimatethe detectionlimit to be a single cobalt
particle with # 20 / m diameter This estimationassumes
multidomainstructureof the particlesandthe scalingof their
magnetic moment as the squareroot of the volume. For
single-domairparticles,much smalleronescan be detected.
In this case we canestimatethe detectionimit tobe# 5 / m
diametey given the presentsensitivity of the gradiometer
The throughputcan be increasedup to 1200ml/min using
largerdiametertubing, with the currentspacingbetweenthe
two cells. Therefore suchmagneticparticlescanbe detected
at essentiallyarbitrarily low concentrationsn a large vol-
ume, andwith high throughput.

Two typesof smallerparticleswere measuredimilarly.
One type was a superparamagnetisuspensioncontaining
amine-coatedmagnetite particles with # 1 / m diameter
ISigma-Aldrich,17643'. The samplewas preparedby load-
ing 18 nl of a suspensiornnto a pieceof capillary 1150 / m
diameter 1 mm length' and wrapping the capillary with
Styrofoam. The total number of particles in the sample
was# 4.5" 10°. The resultsareshownin Fig. 3, with water
Bow rate of 160 ml/min. Panel!d" showstypical real time
detectionas the particlescirculate.In orderto measurethe
possiblerelaxation of the magnetizationof the superpara-
magneticparticles,we continuouslymonitoredthe signalfor
over 1400s. Averagesof ten consecutivemeasurementare
plotted versusthe averagemeasurementime after initial
magnetizationof the sampleby a 3 kG permanentmagnet
$Fig. 3!b"%!Using a 20 kG Peldfor magnetizatiormadeno
substantiatifferencein the signalamplitude’ No signibcant
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FIG. 4. Detectionof 18 nl ferromagnetid3uid of cobaltnanoparticles8.2%
in kerosené

decay was observedfor the time spanof the experiment.
From the amplitudeof the averagedsignal, we estimateda
detectionlimit of 0.2nl, or 5" 10 particles. The leading
peldwas also varied between0 and 0.5 G, which produced
no observablechangein the signal.

The other sample was a ferromagnetic 3uid !Strem
Chemicals27-0001 incorporatingcobaltnanoparticlesvith
diameter# 10 nm. The samplewasloadedin a similar fash-
ion to the superparamagnetgarticlesmentionedabove.The
ferromagneticBuid with cobalt nanoparticlesproduced a
strong signal becauseof their high magnetization!Fig. 4,
water Bowing at 130 ml/min". From the averagesignal-to-
noise ratio of 360, we estimatedthe smallest detectable
amountto be 50 pl for the Buid tested with a detectiontime
constantof 30 ms.

Theseexperimentssuggestdiverseapplicationsfor our
method.The ability to detectrare events!single particles in
a large amountof samplecould be usedfor securityapplica-
tionsto screenfor magneticallylabeledvirusesin dilute en-
vironmentsor for in-line quality control devicesfor indus-
trial processe@volving magneticproductsor impurities!for
example,detectionof ferromagneticparticulatesin engine
oil". Our methodalsohaspotentialapplicationsin biological
andmedicalresearchThe high sensitivitycould allow detec-
tion of traceamountsof proteins,DNA, or antibodiesthat
have beenlabeledby magneticbeads,and in the study of
biochemicaleventsassociatedvith the aggregatiorof mag-
netic particles.

The detectionlimit could be improved signibcantlyby
further optimization and modibcationof the apparatusFor
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example, sensitivity can be improved by using additional
sensorcells. A higherordergradiometeicanthusbe formed,
which could allow one to eliminate the needfor magnetic
shielding. Smaller alkali vapor cells® which can be put
closerto the samplethusimproving the sampleblling factor,
will also be investigated.This will enhancethe detection
limit, allowing the methodto be coupledwith microRuidic
applications.
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